We have studied a series of bridged phenylacetylene macrocycles with topologies based on Platonic and Archimedean polyhedra, using density functional calculations to determine both their molecular structure and their electronic response to external magnetic fields (NICS maps). We are able to elucidate the interplay of aromaticity and anti-aromaticity as a function of structural parameters, in particular the symmetry properties of the intramolecular bond connectivities, in these compounds.
Introduction
Graphite is the well-known lowest-energy unsaturated allotrope of carbon, consisting entirely of sp2-hybridized atoms in extended sheets in which benzene is the smallest subunit. This allotrope is topologically analogous to simple hexagonal tiling of the Euclidean plane (zero curvature). Smalley's seminal discovery of C60 opened new vistas of exploration by showing that an allotrope with positively-curved topology was also quite stable, analogous to the symmetrical Archimedean solid A11 (the truncated icosahedron) with 32 faces and 60 vertices, in which a carbon atom is present at each vertex [1, 2] . Further work produced other less positively curved and less symmetrical allotropes such as C 70 , as well as linearly-extended nanotubes. Additionally, theoretical papers have subsequently described smaller, higher-energy fullerene-like molecules such as C 20 , C 36 , and C 48 [3] [4] [5] [6] (the most symmetrical isomer of which is analogous to Archimedean solid A3, the great rhombicuboctahedron, with 48 vertices and Oh symmetry), though no reasonable strategy for their synthesis has been forthcoming [7] [8] [9] [10] [11] .
Another direction in which theoretical and experimental study of carbon-rich systems has recently proceeded is toward the conceptual expansion of graphite by insertion of sp-hybridized acetylene units between adjacent phenyl rings, giving the structure known as graphyne, shown in Figure 1 [12, 13] . Though the synthesis of graphyne has remained elusive, successively larger fragments have been modeled and synthesized in attempts to predict properties of the bulk material, and these fragments have interesting properties in their own right. In a recent theoretical work on graphyne molecules and oligomers [14] , the relationships between aromaticity, HOMO-LUMO-gaps and the molecular connectivities are discussed, using a set of different conjugation pathways. In the current work, we combine these two directions of exploration, introducing positive curvature to curl the graphyne sheet upon itself in the same way that C 60 and the fullerenes represent positive curvature of graphite. We use the Platonic and Archimedean polyhedra as a guide to the simplest and most symmetrical such structures allowed in three-dimensional space, and predict molecular geometries and aromaticities of the resulting molecules using density-functional theory electronic structure calculations [15] [16] [17] [18] [19] . In order to examine the inventory of potential convex graphyne substructures guided by the geometry of the aforementioned polyhedra, we transformed each polyhedral vertex into a phenyl ring and each edge into an acetylene unit, according to the data in Table 1 .
For the studies undertaken here, we chose the three valid transformations of the Platonic solids (P1, P2, and P4) as well as the two most symmetrical of the Archimedean solids (A1 and A4), shown in Figure 2 .
In addition, we examined mono-and bicyclic ring fragments of A1 in order to discover how the aromaticity or anti-aromaticity might vary as a function of the number of pericyclic electron paths around the "great circles" of the spheroidal molecule. The smallest graphyne subfragment "tribenzo" was included for comparative purposes, as was the fullerene C 60 . The relative sizes of the polyhedral molecules are depicted in Figure 3 (P1 is not shown but is comparable in size to C 60 ). 
Computational Methods
The electronic configuration of our molecules and the graphyne sheet were characterized by means of Nucleus Independent Chemical Shift (NICS) maps, which is a measure of the electronic linear response to an external magnetic field B [19] [20] [21] [22] [23] [24] . NICS maps are a generalization of nuclear magnetic shielding tensors as known from NMR spectroscopy, where they quantify the screening of the nuclear spins from the external magnetic field due to ring currents of the electronic orbitals [25] [26] [27] [28] [29] . This screening effect is not only defined for the actual nuclear spins, but in all points of space. A large spatial extent of the shielding field indicates a strong aromatic response of the electrons, while a local increase of the external field is a common consequence of an antiaromatic character of the electrons. The electronically induced field is proportional to the externally applied one, so that in practice, the proportionality coefficient is calculated; this factor is dimensionless, because it is the ratio between two magnetic fields. Since its magnitude is typically of the order of 10 −6 , it is normally given in ppm (parts per million, 10 −6 ).
We compute the effect of such a field using a perturbation theory approach, in which the B-field is considered a small perturbation of the electronic Hamilton operator [17, 18, [30] [31] [32] . All calculations were done within Kohn-Sham density functional theory, using the CPMD simulation package [16, 33, 34] . Goedecker-type pseudopotentials were used to describe the interaction of the valence shell with the nuclei and their core electrons [35, 36] . We have used the BLYP exchange-correlation functional [37, 38] and a plane-wave basis set with a kinetic energy cutoff of 60 Ry for the valence orbitals. Figure 2 . Polyhedral phenylacetylenes paired with their respective polyhedra.
The response of the electronic subsystem to an external magnetic field is a quantum mechanical current density distribution. Via an integration according to the law of Biot-Savart, an (inhomogeneous) induced magnetic field can be derived from the latter, which typically results in a local attenuation of the external field (i.e., a screening or shielding reaction). However, the induced magnetic field may also be locally aligned with the external field, especially in regions with low electronic density, so that the field is increased in amplitude. This effect is called deshielding.
There is a close connection between spatial shielding/deshielding and the characteristics of the electronic configuration [21, [39] [40] [41] [42] . Aromatic electron systems induce a large shielded area around themselves, while deshielded regions are a typical signature of an anti-aromatic electronic subsystem [22, 23, [43] [44] [45] . Note, however, that in regions of sizeable electronic density, the shielding always dominates; the different signatures are only visible distances of about an Angstroms or more from the covalent bonds.
Results

Energies of formation
We have optimized the geometry and the lattice constant of an infinite periodic graphyne slab with a sheet distance of 12Å, yielding a lattice constant of a = 6.9708Å. In order to check for finite size effects, we have computed the difference of the total energy per carbon with respect to larger unit cells, corresponding to doubling the cell in the two periodic dimensions. Up to a cell of 192 carbon atoms, the total energy per carbon changed by about 0.22 kcal/mol per carbon, which is very small on the scale of covalent binding energies. We have computed the binding energies per carbon atom of the series of polyhedra considered in this work, relative to the energy of a carbon of an infinite graphyne sheet. Since the phenylacetylene molecules contain hydrogen atoms to saturate the structures, we have subtracted the energy of a hydrogen in an isolated oligo-phenylacetylene (C 66 H 18 ) molecule. This enables us to get mutually comparable values.
Our results are reported in Table 1 . It is obvious that the larger structures (A4 and P4) are energetically better than the smaller corresponding cages (A1 and P2/P1), which can be attributed to the weaker curvature in the large molecules. Regarding the smaller molecules (the PA trimer/hexamer/decamer), the apparently counterintuitive energetic ordering can be explained in the same way: The flat trimer has essentially no internal stress, while in the decamer, several bonds are strongly distorted and the hexamer ring is situated in between the other two.
Link topology
In graphyne, every carbon of a phenyl ring has an acetylene group attached, which connects to a neighboring phenyl. For the isolated molecules in turn, the connectivity is always partially reduced, and some phenyl carbons are saturated with hydrogens. The different connectivity topologies types lead to three-, four-, and five-membered rings (where each member is one phenyl group). These topologies can also be characterized via the relative phenyl positions of the carbons by which a closed loop can be constructed within the molecules. As an example, a three-membered PA ring always consists of phenyl members which are connected via ortho-carbons, while the big hexamer ring has only links on the para positions.
We will use these topologies and the number of triple bonds per molecule and per closed loop as additional characteristics of the various PA oligomers, and we will try to correlate them to the respective magnetic response properties (diatropic or paratropic). In simple conjugated rings, an analogous model exists which correlates the number of conjugated π-bonds to aromaticity. This so-called "4 × n + 2"-rule states that molecules with 4 × n + 2 electrons in a conjugated ring system are aromatic (while molecules with 4 × n electrons are antiaromatic). Figure 4 shows the NICS maps of the cyclic trimer of phenylacetylene (PA), first coplanar at a distance of about 1Åfrom the molecular plane, and secondly at one of the mirror planes. As expected, the phenyl ring displays a strongly diatropic shielding cone, while the central triangular part of the molecule is deshielded (paratropic). The latter is a typical signature of an anti-aromatic electronic system. When considering the scale of the NICS field (shown in ppm), it turns out that the interplay of diatropic and paratropic fragments is approximately balanced. This situation is similar to the one found in one of the most common fullerenes, C60, which is also shown in Figure 4 . There, the five-membered rings have an anti-aromatic character, in "competition" with the aromatic six-membered rings. Altogether, the electronic subsystem yields a slight deshielding of the central part of the fullerene, although there are almost twice as many (aromatic) six-membered rings as five-membered ones. However, there is no overall dominance of either character, the shielded and deshielded regions vary depending on the location of the observation plane. Figure 4 . NICS maps of the phenylacetylene trimer (top) and the C 60 fullerene (bottom) in units of 10-6 (ppm). The same underlying data was used for the two (PA trimer) and three (C 60 ) slices, only the perspective (the orientation and position of the slice plane) is different.
Necklace-style phenylacetylenes
We have further considered phenyl-acetylene molecules with a torus-like ring topology. The NICS maps of two such molecules, with six and ten PA building blocks, are shown in Figure 5 . They exhibit a notably distinct picture: while in the hexamer, the shielding of the aromatic phenyl rings clearly dominates the overall character of the molecule, the decamer is mostly paratropic, especially in the center of the ring. Not only the center of the ring is deshielded, but also a significant region on the lateral sides of the supramolecular ring. This is surprising, as there are no less than ten phenyl rings whose shielding effect is superimposed in the center of the PA decamer.
In the PA hexamer, the phenylacetylenes are connected via the para positions of the phenyl rings, while in the case of the PA trimer (Figure 4) , the acetylenes are attached on the ortho carbons. Both topologies are present in the decamer, where closed loops can be constructed on the basis of para-and ortho-connections, but also via the meta positions. In the meta-and para-connected cases, the loop contain four and six PA units, respectively (see the bottom left and right images in Figure 5 ).
Tentatively correlating these findings, it turns out that ortho-connected groups lead to a medium paratropic character (PA trimer), a para topology leads to a weak partially paratropic and partially diatropic response (PA hexamer), while the combination ortho/meta/para yields a relatively strong paratropic deshielding effect (PA decamer). 
The P1 molecule
The smallest member of the P-series of phenylacetylenes is the P1 molecule, shown in Figure 6 with NICS maps at three different slice planes and molecular orientations. The overall character is strongly diatropic, with a shielding of about 5ppm inside the structure. There are almost no deshielded regions, the small red spots in Figure 6 are rather minor.
The connectivity between the PA groups is exclusively via meta carbons, which distinguishes P1 from the previously discussed molecules. As in the case of the PA trimer, the P1 molecule has (only) three-membered PA loops, but its magnetic response is strongly diatropic (as opposed to the paratropic signatures of the PA trimer, Figure 4) . Thus, the presence of rings of three PA groups cannot be used as an explanation; however, the connection via meta-positions might be correlated to the magnetic response. While the PA decamer also exhibits this feature, their diatropic character could be compensated by the (more numerous) ortho-connected loops. 
The P2 molecule
The P2 molecule and its NICS maps are shown in Figure 7 . While the magnetic shielding at the center of the cage is noticeably smaller than that of P1, the diatropic signatures are still dominant. Nevertheless, there are larger paratropic areas, visible as a kind of red halo, which are a sign of a certain competition between the (aromatic) phenyl rings and the acetylene linkers.
As in the previous case (the P1 molecules), the covalent links between the PA groups in P2 are based only on the meta carbons of the phenyls. The difference to P1 is that the loops consist of four PA members instead of three, which does not affect the diatropic response of the molecule. The correlation between meta-connectivity and diatropic character, however, is confirmed. Figure 7 . NICS maps of the P2 molecule.
The P4 molecule
The P4 molecule has an almost spherical shape and a magnetic response signature similar to the one of P2. Three NICS slices are presented in Figure 8 , illustrating that the amplitude and size of the paratropic regions outside the molecule are larger than in the case of P1 and P2, while inside the cage, there is still a sizeable diatropic shielding of about one ppm. Again, only meta positions are used to connect the PA units, which is again in line with the diatropic overall character of the molecule. In all closed loops in this molecule, the number of PA members per loop is five. Together with the corresponding values for P1 (three) and P2 (four), this makes an explicit correlation between magnetic response and the number of triple bonds (i.e., acetylene groups) per loop unlikely. Similarly, it seems not possible to related the total number of triple bonds in the entire molecule to the dia-/paratropic character. The weaker diatropic character compared to P1 and P2 can be explained with the considerably smaller number of PA groups per "surface area" of the molecular cage.
The A1 molecule
The second series of polyhedra has four acetylenes connected to each phenyl ring, and its smallest molecule (A1) is shown in Figure 9 . While in the rightmost plot, the diatropic signatures of the aromatic phenyl rings towards the outside of the cage are still visible, the overall character of the system is strongly paratropic, with a considerable deshielding of +4.5 ppm in the center of the cage. This number is not directly visible in Figure 9 because it is outside the color coding range. It was extracted directly from the numerical shielding data. This is to some degree surprising, since the difference in the electronic configuration with respect to P1/P2/P4 is not obvious. Notably, there are as many as ten phenyl rings (which are strongly aromatic), but they are not able to compensate the paratropic character of the remaining molecule. The NICS plots illustrate further that the triangular and the square-shaped faces contribute similar amplitudes to the paratropic character.
In A1, three-membered PA loops can be constructed via an ortho-connectivity, four-membered loops with meta-connections exist, and para-based loops with six PA members can also be found. In this respect, the situation is similar to the case of the PA decamer ( Figure 5 ), where also all three connection types exist. Both the three-PA and four-PA loops exhibit paratropic signatures with an extended outreach: The red cones in Figure 9 have about the same size as the diatropic regions from the phenyl rings. Again, no correlation is obvious to the total number of triple bonds in the molecule. 
The A4 molecule
The biggest molecule in this study is the A4 one, which comprises 30 phenyl rings and 60 acetylene linkers. The NICS maps in Figure 10 show that the paratropic reaction dominates again. As in the case of A1, the center of the cage is strongly deshielded. However, the NICS amplitude in the cage (about +1 ppm) is considerably weaker than for the smaller A1. This trend has already been observed for the P1/P2/P4 series of molecules, where the NICS shifts of the inner part of the molecular cages decreased (less diatropic character) when the molecule got bigger.
The three-PA and five-PA membered loops are again based on ortho-and meta-carbons, while the para-based loops have now ten PA members. This finding is in line with the previous results, which showed a strong paratropic response character in the case of mixed ortho/meta/para connectivities. Figure 10 . NICS maps of the A4 molecule.
Discussion and Conclusions
The diatropic and paratropic nucleus independent chemical shift maps of the considered polyhedral phenylacetylene molecules illustrate that it is not trivial to assign global "aromatic" and "anti-aromatic" characteristics to them. In many molecules, there are elements of both, and they partially compensate. This quasi-competition between dia-and paratropic regions shows that it is often not possible to quantify the concept of aromaticity with the help of a single number, i.e., the nucleus independent chemical shift value. Instead, a visual representation of the corresponding three-dimensional maps can lead to the desired insight.
This magnetic response characteristics is not correlated to the number of π-electrons (via the number of triple bonds) per molecule or per closed loop, as in the analogous case of simple planar conjugated π-systems (the "4n + 2"-rule). However, the type of connectivity between the phenyl groups plays an important role, resulting in different diatropic/paratropic signatures when the connectivity is realized using the meta-, ortho-, and para-positions, respectively. This is in line with the recent findings of Tobe et al. [14] , who found strong aromatic signatures of 12-membered ring structures in planar oligo-graphynes.
It is noteworthy that the considerable curvature in the smaller molecules does not necessarily lead to a reduced magnetic shielding response. On the opposite, it is rather for the large molecules that a weakening of the intensity of dia-and paratropic characters is observed.
